Abstract: Classic theories of hearing have considered only a translational component (piston-like component) of the stapes motion as being the effective stimulus for cochlear activation and thus the sensation of hearing. Our previous study [Huber, A.M., Sequeira, D., Breuninger, C., Eiber, A., 2008 . The effects of complex stapes motion on the response of the cochlea. Otol. Neurotol. 29: 1187Neurotol. 29: -1192 qualitatively showed that rotational components around the long and short axes of the footplate (rocking-like components) lead to cochlear activation as well. In this study, the contribution of the piston-like and rocking-like components of the stapes motion to cochlea activation was quantitatively investigated with measurements in live guinea pigs and a related mathematical description. The isolated stapes in anesthetized guinea pigs was stimulated by a three-axis piezoelectric actuator, and 3-D motions of the stapes and compound action potential (CAP) of the cochlea were measured simultaneously. The measured values were used to fit a hypothesis of the CAP as a linear combination of the logarithms of the piston-like and rocking-like components. Both the piston-like and rocking-like components activate cochlear responses when they exceed certain thresholds. These thresholds as well as the relation between CAP and intensity of the motion component were different for piston-like and rocking-like components. The threshold was found to be higher and the sensitivity lower for the rocking-like component than the corresponding values for the piston-like component. The influence of the rocking-like component was secondary in cases of pistondominant motions of the stapes although it may become significant for low amplitudes of the piston-like component. 
Introduction
Previous measurements have revealed that the physiological motions of the stapes in human and other mammals include more than only piston-like movement. Georg von Békésy (1960) described the movement of the stapes in human temporal bones with drained cochleae as rotating around an axis near the posterior edge of the footplate, so that the anterior portion of the footplate had larger displacements than the posterior portion. Kirikae (1960) performed similar experiments and concluded that the vibration pattern of the stapes footplate was a combination of three movements: piston-like, hinged rotation around a posterior axis, and rotation around the long axis of the footplate. Both authors used temporal bones (TBs) with drained cochleae in their studies. Therefore, their measurements did not represent physiologic motions, since it has been shown in more recent experiments that movement patterns of the stapes footplate change when the cochlea is drained (Gyo et al. 1987; Hato et al. 2003) . Gundersen (1971) showed that a piston-like motion pattern was preserved up to 2 kHz, but movements of the stapes in an "uneven manner" appeared at higher frequencies. He used a "contacting" measurement technique that may have influenced the vibration modes. Recent developments in measurement techniques and methods have shown complex modes of the stapes motions more clearly. Using a video measuring system, Gyo et al. (1987) observed predominant piston-like movements only at low frequencies and complex movements at higher frequencies. Other studies in human and animals are in accordance with these findings (Asai et al. 1999; Decraemer & Khanna 1999; Voss et al. 2000; Hato et al. 2003; Stenfelt and Goode 2005; Decraemer et al. 2007; Ravicz et al. 2008; Sim et al. 2010a) . Some previous studies, assuming that the annular ring of the stapes restricts motions of the stapes footplate in the plane of the footplate, considered piston-like motions (i.e., the translational motion in a direction perpendicular to the stapes footplate) and two rocking-like motions of the stapes (i.e., the two rotational motions along the long and short axes of the footplate) as primary motion components of the mammal stapes. While it has not been proven that other motions of the stapes are insignificant, we shall assume, as have others (Hato et al. 2003; Sim et al. 2010a) , that the piston-like motion and the two rocking motions dominate stapes mechanics.
The effects of the rocking-like motions on hearing in humans and other mammals are still controversial. Decraemer et al. (2007) measured three-dimensional motions of the stapes and scala-vestibuli pressure in gerbil ears and concluded that the scala-vestibuli pressure was well correlated with the piston-like component of the stapes motion. Rochefoucauld et al. (2008) observed that scala vestibuli pressure followed the piston-like component of the stapes motion with high fidelity, reinforcing their previous finding that the piston-like motion of the stapes was the main stimulus to the cochlea. Many previous models of the cochlea ignore the effects of the rocking-like motions because these motions did not produce net volume displacement on the oval window, thus were believed to have negligible effects on hearing mechanisms (Kolston and Ashmore 1996; Dodson 2001; Lim and Steele 2002: Pozrikidis 2008) . However, measurement of the effects of the rocking-like motions has been limited because it is difficult to separate the relatively small effects of the rocking-like motions from the effects of the piston-like motions under physiological conditions. In our recent study (Huber et al. 2008) , the rocking-like motions of the stapes in live guinea pigs were enhanced by direct stimulation on the stapes with a mechanical actuator, and clear effects of the rocking-like motions on compound action potential (CAP) were observed. The CAP, which is a variation in cochlea potential due to the synchronous discharge of a large number of fibers in the auditory nerve, is known to be best elicited by short stimuli and reliable up to near threshold levels, and have nonlinear response characteristics (Dallos 1973; Schmiedt 1979 ).
There have also been reported pathological cases that suggest cochlear activation by the rocking-like motions of the stapes. In patients with round window atresia, in which the deformable round window membrane was covered by solid bone and thus considerable amounts of the pure piston-like motions could not be generated, a mixed hearing loss with airbone gaps between 15 and 30 dB over a frequency range of 0.25 to 8 kHz were recorded, instead of a total hearing loss (Ombredanne 1968; Richards 1981 , Linder et al. 2003 ).
However, hearing in such cases cannot be simply considered as the effects of the rocking-like motions because the possibility of fluid flow through a potential third window still exists (Shera and Zweig 1992) .
The goal of this study was to confirm the effects of the rocking-like components of the stapes motion on the CAP as determined in our previous study (Huber et al. 2008) and to correlate the piston-like and rocking-like components of the stapes motions quantitatively to their corresponding cochlear electro-physiological responses through measurements in live guinea pigs. A simple mathematical description of the CAP as a linear combination of logarithms of the piston-like and rocking-like components was introduced. In this study, the stapes was stimulated by translational motions of a mechanical actuator that had a point-like contact to the stapes head. Since only forces were applied at this pivot point on the stapes head quite apart from the footplate, the in-plane motions of the footplate at the oval window were considered to play a secondary role.
Methods

Animal Preparation and Experimental Setup
Ethical permission for the study was obtained from the local veterinary authority according to national animal protection laws (permission no. 25/2008).
Thirteen pathogen-free female guinea pigs of the same age, weight class, and family were used for the experiments. Three animals among the total of thirteen died during preparation or at the beginning of the measurements without sufficient sets of measurements being obtained. In another four, the CAP signals were not detected clearly due to technical difficulties, and their results were deleted from the data set. As a consequence, measurements in the remaining six guinea pigs were analyzed for this study.
General anesthesia with ketamine (35 mg/kg, i.m.) and xylazine (5 mg/kg, i.m.) was applied, a posterior opening of the bulla was made, and the incudo-stapedial joint was dissected for mechanical stimulation on the stapes head. The head of the animals was fixed with a custom-made head holder, and the head holder was mounted to a custom-made aluminum test stand. A 3-D laser Doppler interferometer (LDI) system (CLV-3000, CLV-3D, Polytec, Waldbronn, Germany) and a three-axis piezoelectric actuator were also mounted to the test stand. The animal holder and the stimulator were adjustable by micromanipulators and goniometers (Breuninger 2008) . A surgical microscope was used to align the long axis of the stapes footplate along the direction of the "directional indicator" on the head holder, and the head-holder was placed in the test stand such that the long and short axes of the footplate were parallel and perpendicular to the three axes of the test stand (Sim et al. 2010b ). To measure the CAP as a response of the cochlea, a custom-made silver-ball electrode was placed in the round window niche. Detailed procedures concerning the animal handling and experimental setups were provided in our previous study (Huber et al. 2008 ).
Mechanical Stimulation of the Stapes and Measurements
Details about mechanical excitation and measurement procedures used in this study were described in our previous publications (Eiber et al. 2007; Breuninger 2008 , Huber et al. 2008 Sim et al. 2010b) .
A custom-made three-axis piezoelectric actuator was used to stimulate the surgically exposed stapes of the guinea pig. A firm contact between the needle tip of the actuator and the stapes head was obtained through a monofilament nylon thread (0.03-mm diameter, 9-0 Nylon, S&T AG, Switzerland) guided through the needle tied around the stapes head. Clicks with a duration of 0.4 ms were used as the excitation signal. First, the appropriate electric signals for the three axes of the actuator needed to obtain the desired motions of the stapes were determined. Then, the stimulation was performed such that the magnitude ratio of the rocking-like component to the piston-like component in the stapes motion (defined as k in section 2.4) had several different values. Depending on the magnitude ratio k, the stapes motions were piston-like dominant (k<<1), rocking-like dominant (k>>1), or of mixed modes. Stimulation modes with different values of k were applied to each of the animals, and measurements were done with several intensity levels of stimulation for each k value.
With stimulation by the three-axis piezoelectric actuator, stapes motions and the CAP generated from the cochlea were simultaneously monitored. First, the 3-D laser Doppler interferometer (LDI) system with three separate laser beams was used to measure the 3-D motion components of a point on the stapes head. Then, the 3-D motion components at that point were decomposed into a piston-like and two rocking-like components of the stapes motions using kinematics of the rigid body motion. With the assumption that motions of the stapes other than the piston-like and two rocking-like motions of the stapes, as defined in this study, are negligible, displacements d x = hγ and d z = -hα at the stapes head represent the rocking-like components around the short and the long axis of the footplate, and displacement d y represents the piston-like components of the stapes motion (Fig.1) . The electric signal of the cochlea measured through the silver-ball electrode was processed by a differential amplifier (Dagan Corp., Minneapolis, MN, USA). All of the amplified signals were recorded with a sampling frequency of 51.2 kHz.
To confirm a perfect contact between the stapes and the actuator needle at their interface (i.e., no relative motion), the measurement was repeated with stimuli in the opposite direction. In these measurements, the stapes motion and CAP showed almost the same magnitude (only direction of the stapes motion was opposite). Otherwise, the contact between the stapes and the needle was checked and rearranged.
Data Processing
Each measurement was repeated 200 times. The recorded data were processed in the narrowed time window (0 to 2 ms in the measured stapes motion and 0 to 4 ms in the measured CAP), and constant and linear trends were removed using a built-in function When the desired motion form was not achieved (e.g., time shift, distorted motion form), the corresponding data were removed. The measured CAP values usually showed significant reduction near the animal's death, which was usually six-to-eight hours from the anesthesia. These data were also removed. After the data were processed, the peak values in CAP and velocity data with two opposite directions of stimuli (described as 'plus' and 'minus' in Fig. 2B ) were obtained for the corresponding signals. The magnitudes of these two peak values with the 'plus' and 'minus' directions of stimuli were averaged.
Mathematical Description of Relation between Stapes Motion and CAP
It is presumed that the contribution of the stapes motion components to cochlear activation corresponds to their contribution to hearing. In this study, cochlear activation was monitored by measuring the compound action potential (CAP). It is assumed that the total CAP has two independent components: a contribution by the piston-like component and separately by the rocking-like component
where CAP p and CAP r indicate CAP values by piston-like and rocking-like components of the stapes motion, respectively. In relating each of the two CAP components to the corresponding motion component of the stapes, a linear relationship between the logarithm of the motion component and CAP components was used based on the results of our previous study (Huber et al. 2008)  
where │d p │ and │d r │ represent magnitudes of the piston-like and rocking-like displacements, and │d p │ th and │d r │ th represent the minimum magnitude of the displacements to produce CAP p and CAP r (that is, thresholds). The slopes a p and a r in plotting CAP p and CAP r versus the logarithms of │d p │ and │d r │ respectively, indicate the sensitivity of CAP with respect to motion. As the motion components of the stapes are measured on the stapes head in this study, │d y │ represents │d p │, and │d x │and │d z │ represent │d r │. To simplify the mathematical model, it was assumed that the two rocking-like components had the same contribution on the CAP, and the total rocking-like component as square-root summation of the two rocking-like components was used
By defining a ratio k = │d r │/│d p │ as illustrated in section 2.2, the form of the stapes motion is characterized, whereas k = 0 is pure piston, and k→ ∞ is pure rocking. With k, the total CAP defined in Eqs. (1) - (3) can be represented either with respect to │d p │ or │d r │.
That is, │d r │= k│d p │ is substituted into Eq. (3) for the representation with respect to │d p │, and │d p │= │d r │/ k is substituted into Eq. (2) for the representation with respect to │d r │.
Result
Schematic Representation of Mathematical Description
As it is assumed that the piston-like component has a larger effect on cochlear activation than the rocking-like component, it is expected that the sensitivity a p is larger than a r , and the thresholds │d p │ th are lower than │d r │ th . the k value because │d r │= k│d p │ was used in the representations. If the pure piston-like and pure rocking-like motions of the stapes can be obtained, then the slopes and thresholds can be determined from the curves of CAP p with respect to │d p │ and CAP r with respect to │d r │, which do not change with k values. However, in reality stapes motions with our experimental setups always contained both the piston-like and rocking-like components and thus the measured CAP contained both CAP p and CAP r . The curves of total CAP illustrated in Fig. 4 were used to find the slopes and the thresholds in this study.
Fitting of the Mathematical Description
The slopes a p and a r and thresholds │d p │ th and │d r │ th , that determine the relation between piston-like and rocking-like displacements of the stapes and the total CAP, were obtained by fitting the mathematical description of the stapes motion-CAP relation shown in Fig. 4 . As an initial estimation for the fitting process, an average value of the slopes and thresholds were assumed; however, for the actual fitting, the individual k in all measurements was considered. For the data fitting of the second stage, each of the measurements was also weighted by its measured CAP value.
When the measured CAP values were plotted with respect to the logarithms of measured piston-like and rocking-like components of the stapes motions, a kink in the curve was observed for certain values of k. The kinks corresponded to thresholds and were clearer for measurements with the rocking-like dominant motions due to the relatively large change of the slope. Shifts of the curves by changes in the ratio k were also observed. These results were expected from the schematic representation shown in 
where was a measured CAP, and CAP i was calculated from measured stapes motions as defined in Eqs.
(1) -(3). Next, the squares of the error functions were summed for the total error E, with each error function ε i weighted by
The final values for the slopes a p and a r and thresholds │d p │ th and │d r │ th were obtained such that the total error E was at its minimum. Regions around the values obtained from the first stage of the data fitting were explored for fine fitting of the second stage. Table 1 lists the final obtained values of the slopes a p and a r and thresholds │d p │ th and │d r │ th , for measurements in all six guinea pigs. As the slopes could vary depending on the location of the silver-ball electrode and contact condition between the electrode and cochlear wall, the ratio between the two slopes was considered. Figure 5 shows measured data and the fitted model for GP1, and the results for all other guinea pigs may be found in the Appendix.
The slope a p was larger than the slope a r by a factor of about 3.5, and the threshold log│d r │ th larger than log│ d p │ th by a factor of about 0.3. From these results, the contribution of the piston-like component to the CAP was larger than the contribution of the rocking-like component.
Error Sources in Measurements
There are three major sources of error: signal-to-noise ratio ε S/N , transversal deviation of the measurement point from the centroid of the stapes footplate ε dev , and error in positioning the stapes footplate in the frame of the test stand ε pos . The first error source was expected to have significant effects for small magnitudes of the measured values (Sim et al. 2010b ). As the latter two error sources were already discussed in our previous work (Huber et al. 2008; Sim et al. 2010b) , we now consider this error factor quantitatively with respect to k.
Signal-to-noise ratio
In our previous work (Sim et al. 2010b) , it was shown that the values measured by the LDV systems have a level-independent error, and thus the measured values of small magnitudes contain a relatively small signal-to-noise ratio. Thereby, in fitting the mathematical description of CAP to measured data as described in the previous section, the error function in each measurement was weighted by the amplitude of the measured CAP (Eq. 6).
Error in positioning the stapes footplate in the frame of the test stand
In this study, the stapes was positioned in the frame of the test stand such that the axes of the footplate were parallel and perpendicular to the axes of the test stand, and motions of the stapes measured on the stapes head were decomposed into 3-D components assuming that the (Fig. 6) , the displacements are
and ,
where superscript T indicates displacements in the frame of the test stand, and superscript S direction and 0.096 ± 0.019 mm in the z direction from measurements of six guinea pigs.
These amounts of the offsets were smaller than 0.4 mm in both x and z directions as assumed in our previous work (Huber et al. 2008) .
Assuming an alignment error θ of 5 degrees, and an offset of the measurement point from the centroid of the footplate of 0.1 mm, the CAP and the corresponding errors ε dev and ε pos were calculated. Figure 7 illustrates the error bars for different measurements with different k on GP1. The fit of the model to the measured data can also be seen. Pistondominant motions show lower errors than do rocking-dominant motions. The error range in the piston direction is larger than in the rocking direction.
Discussion
The hypothesis in this study was that both the piston-like and the rocking-like components of the stapes motion contribute to the CAP. Our results indicated that both components activate cochlear responses when they exceed certain thresholds. However, the thresholds as well as the sensitivity of the CAP to the intensity of the motion components are different for the two components. In comparison to the piston-like component, the rockinglike component has a higher threshold (higher by 0.3 nm in the log scale in Table 1 ) and a lower sensitivity (lower by a factor of 3.47 in Table 1 ). When the piston-like motion is dominant, then the influence of the rocking component becomes secondary; when the contribution of the piston-like component is low, then the rocking component becomes significant. Figure 8A displays the total CAP for different motion forms with different k plotted with respect to the absolute value of the piston motion based on the parameters values in Table 1 (a p /a r = 3.47 with a r = 2.2, log│d p │ th = 0.57 nm, and log│d p │ th = 0.87 nm). This result may be compared to the schematic illustration in Fig. 4A . With k values equal to or less than 1, the CAP is zero below the piston threshold. The CAP increases with the piston sensitivity a p . The rocking motion contributes to the CAP after the rocking threshold (marked with red dots) is reached. The rocking thresholds depend on the motion form k. With k = 5, the CAP is not zero below the piston threshold because the rocking-like motion activates the CAP (marked with a red circle). Figure 8B points out the contribution of the rocking-like component to the total CAP for different ratios k between rocking-like and piston-like components. The red points indicate the rocking thresholds, and it is clear that the contribution of the rocking increases with increasing k by lowering the threshold. The maximum percentage of the rocking-like component to the total CAP also increases with increasing k, and it is about 20 % for k = 1.
In our experiments, both the piston-like and the rocking-like components were stimulated by the mechanical actuator using a 0.4-ms click (duration of 0.4 ms). Therefore, the identified sensitivities and the thresholds are valid only for this stimulus. However, a harmonic excitation of 1.25 kHz may be comparable to the 0.4-ms click excitation. Earlier measurements (Sim et al. 2010b ) of physiological stapes motions on guinea pigs have been carried out with harmonic excitation. The measured physiological motions of the stapes at 1.25 kHz were fed into the mathematical description for calculating the two CAP components. The measured motion at 94 dB SPL delivered a piston displacement of about 120 nm, and the transversal motions of the stapes head were about 40 % leading to k = 0.4. Figure 8B indicates the corresponding contribution of rocking to the total CAP of about 13 % as indicated by the brown lines. Here, the maximum contribution is about 16 % due to very large piston displacements.
This study has several limitations. Only a 0.4-ms click signal was used for stimulation, and change in the contribution of the rocking component to the CAP as a function of stimulation frequency was not examined. The two rocking-like components around the long and short axes of the footplate were summarized as only one rocking component, but they could have different influences. Compared to the motion forms found in guinea pigs, human stapes motions show somewhat higher rocking components, especially in the higher frequency range (Hato et al. 2003; Sim et al. 2010a ). Therefore, a larger contribution of the rocking-component is expected in human hearing. Particularly when hearing has been restored after reconstruction with passive or active middle-ear prostheses, rocking could be even higher. However, even with these limitations, this study showed contribution of the rocking-like components of the stapes motion to the CAP using controlled mechanical stimulation of the stapes 3-D motion to evoke CAP responses. The contribution of the rocking-like components was also quantified in comparison with the contribution of the piston-like component by introducing a simple mathematical description. More sophisticated models, including measurements on human are planned for the future.
Conclusion
In this study, the contributions of the stapes motion components to the CAP have been measured using a distinct mechanical stimulation of 3-D motion patterns of the stapes and were quantified with a simple mathematical description. The rocking-like component of the stapes motion, which has been considered to have negligible effects on hearing by classical hearing theories, affects the CAP significantly. In the investigations, error bounds have been introduced and evaluated for the measurements taken on guinea pigs. Even assuming maximum error limits, both the piston-like and rocking-like components activate the cochlear responses when they exceed certain thresholds. These thresholds as well as the relation between CAP and intensity of the motion component were different for piston-like and rocking-like components. The threshold was higher and the sensitivity was lower for the rocking-like component than the corresponding values for the piston-like component. The influence of the rocking-like component was secondary in piston-dominant motions of the stapes whereas it may become more significant with low amplitudes of the piston-like component.
The quantitative results of our investigation are based on a very simple mathematical hypothesis. It is expected that more refined descriptions could lead to better insights into the cochlear excitation mechanisms. Fig. 1 . Definition of axes, dimensions of the stapes, significant points, and displacements at the stapes head. d x (= hγ) represents the rocking-like displacement around the short axis (zaxis) of the footplate, d y the piston-like displacement, and d z (= -hα) the rocking-like displacement around the long axis (x-axis) of the footplate.
Fig. 2. Elimination of noise and offset:
A in the measured stapes motions and B in measured CAP for x-dominant motion of the stapes. After constant and linear trends were eliminated with the 'detrend' function in Matlab and data sets showing large deviations from other data were excluded, the measurements were averaged for the final measured values. 'Plus' and 'Minus' indicate repeated measurements with the two opposite directions of the stimuli, which were made to confirm the firm contact between the stapes and the actuator needle at their interface (i.e., no relative motion and no initial load on the stapes as well). Fig. 3 . Schematic representation of CAP p , CAP r , and total CAP with respect to the logarithm of the piston-like displacement log│d p │(left) and with respect to the logarithm of the rocking-like displacement log│d r │ (right), A for k << 1, piston-like dominant), B for k ≈ 1, and C for k >> 1 (rocking-like dominant). Red dots indicate kink points where CAP r is activated by the rocking-like component (i.e., threshold of CAP r ), and blue dots indicate kink points where CAP p is activated by the piston-like component (i.e., threshold of CAP p ). 
